This complexity may be taken into account to resolve the arguments on the bindingchange mechanism in F 1 -ATPase.
Introduction
F 1 F 0 -ATPase is an enzyme complex that is vital to cellular energy conversion. It works as a dual-domain molecular motor powered by two types of driving forces [1] [2] [3] [4] . The offmembrane F 1 domain synthesizes adenosine triphosphate (ATP) from adenosine diphosphate (ADP) and inorganic phosphate (Pi) driven by a proton-motive force from the in-membrane F 0 domain. Alternatively, when operating in the reverse, it hydrolyzes ATP into ADP and Pi at F 1 and releases energy. In both cases, coupling of the transduction of chemical energy from catalysis reactions with the conformational changes generates rotary mechanical torque at F 1 . Isolated F 1 -ATPase can also work independently as a rotating motor fueled by ATP hydrolysis [4] . Cloned F 1 -ATPases have been explored as biologically powered nano-machines because they work at an exceptionally high chemomechanical coefficient [5] [6] [7] [8] [9] .
The functionally stable F 1 -ATPase is composed of subunits designated as α, β, γ, δ, and ε with a stoichiometry of 3:3:1:1:1 [10] [11] [12] . The α and β subunits alternate in an hexagonal arrangement around a central cavity containing the N-or C-terminal helices of γ, δ and ε subunits, as illustrated in Figure 1 . Three alternative sites on the hexamer formed by subunits (αβ) 3 are found to be catalytically active and responsible for ATP hydrolysis/synthesis [1, 2, 10, 11] . These catalytic sites are located on the β subunits at the interfaces with the α subunits. The crystal structures of three (αβ) pairs are almost identical and have a strong symmetry, but the incorporation of the central γδε subunits creates a structural and functional asymmetry between the three catalytic sites [1, 2, 4, 10, 11] .
ADP, and the third one opens to release the hydrolysis products and intake ATP. The collaborative conformational changes in (αβ) 3 induce a torque between the hexamer (αβ) 3 and the central stalk γ subunit, causing the F 1 -ATPase motor to rotate [1] [2] .
Atomistic structural investigations [10, 11] , along with motor experiments of F 1 -ATPase (especially the visualized rotation by Noji et al. [5, 6] ), confirmed Boyer's mechanism.
Subsequently other issues were raised concerning the multisite binding-change scheme and the cooperativity of hydrolysis reactions at multiple catalytic sites [12, 14, 15, 30, 31] .
For example, the issue of whether or not a bi-site mechanism is universally valid remains unresolved [12, 14] . Contrary to the belief of many researchers, the kinetics of a rotating F 1 -ATPase motor does not follow Michaelis-Menten kinetics [6, 7] . Considerable efforts have been reported to resolve these issues and to reveal the rotating chemomechanic nature of F 1 -ATPase. These works include sophisticated single molecule measurements [6, 7, 9, [16] [17] [18] , chemomechanic modeling [19] [20] [21] [22] [23] and atomistic simulation using molecular dynamics methods [24] [25] [26] [27] . However, the dynamic and interactive cooperativity at different ATP catalysis sites has not been convincingly demonstrated.
The molecular coupling mechanism of ATP hydrolysis in F 1 -ATPase is still beyond fully understanding.
Previously, we proposed a model of the F 1 -ATPase motor based on enzyme kinetics and rotary Langevin dynamics [23] . In the model, the energy transduction and stepwise rotation of F 1 -ATPase were regulated by a series of near-equilibrium reactions when nucleotides bind or unbind. For the case of F 1 -ATPase driving an actin filament, the theoretical load-rotation profiles were analyzed against experiment and gave good agreement. The link from the molecular-scale hydrolysis reactions to the micro-scale mechanical rotation of F 1 -ATPase was established without considering the possible effect from the non-Boyer schemes. In this work, we quantitatively analyze the complex cooperativity of ATP hydrolysis and describe non-Boyer chemomechanics of the F 1 -ATPase molecular motor.
Kinetic model of hydrolysis cooperativity in F 1 -ATPase
The binding conformations of the multiple catalysis sites of F 1 -ATPase are identified as αβ TB , αβ LB , and αβ O [1, 2, [10] [11] [12] (Figure 1 ). The open (O) site has a very low affinity for substrates of ATP, ADP or Pi and is catalytically inactive, whereas the other sites involve either a loosely bound (LB) substrate ADP or a tightly bound (TB) substrate ATP. The actual order of unbinding and release of ADP and Pi were proved to be Pi first, followed by ADP [4, 17] . Therefore a complete enzymatic cycle of ATP hydrolysis in 
where k +ATP , k -ATP (or, k +ADP , k -ADP and k +Pi , k -Pi ) refer to the rate constants of association and dissociation of ATP (or, ADP and Pi) molecules to the motor, i.e., they are the rate of ATP (or, ADP and Pi) binding to or unbinding from enzymatic-active sites of (αβ) 3 . k hyd , k syn are the hydrolysis and synthesis rate constants of ATP. In this catalysis pathway, the direction of the hydrolysis resulting in binding/unbinding to the motor of ATP, ADP and
Pi is given by the solid arrows, whereas the thin arrows point to the synthesis direction.
Based on Boyer's mechanism, the binding changes of F 1 -ATPase can be highly coupled to an ordered ATP hydrolysis at three catalysis sites [23] . In each hydrolysis cycle, the three (αβ) sites interact in a cooperative way as the central stalk γ sequentially rotates relative to them. In steady cycles of ATP hydrolysis reactions, three (αβ) pairs cooperate with respect to their conformational changes in a synchronized way. For the enzyme kinetics of F 1 -ATPase, the multi-site hydrolysis at three (αβ) catalysis subunits are believed to be biochemically equal [1, 2, 13] . The hydrolysis reactions at three sites could be regarded as a three-fold fast near-equilibrium process with the same reaction sequence and dynamics. Therefore we interpret the steady state ATP hydrolysis cycles of Eq.
(1) by a series of fast equilibrium reactions, by,
For F 1 -ATPase following Boyer's mechanism, this leads to [23] , 
However, the symmetric (αβ) 3 structures and nearly identical catalysis kinetics can not guarantee that the catalysis at three sites takes place in a highly ordered fashion.
To check the possibility of complex cooperativity between three catalytic sites of F 1 -ATPase, we may carefully investigate the cooperativity from its enzyme kinetics or motor chemomechanics. From a kinetics point of view, the enzymatic cooperativity may be quantitatively measured by a modified Hill Equation [28] , ( ) The overall computing time is of the order of CPU minutes. This represents a considerable advantage over time-costly atomistic simulation [24] [25] [26] [27] .
Results and discussions
In Boyer's 'bi-site' activation (Figure 1(a) ), three catalysis sites are in different reaction stages (binding states), and on average only one catalytic site carries out a specific hydrolysis reaction step at any one time. Therefore in Hill's plot, bi-site catalysis should give h = 1. There is currently little evidence that the chemical reaction steps in ATP synthase take place on average at three different states at a time. On the contrary, solid evidence from chloroplast [29] , E. Coli [30, 31] , and bovine mitochondrial F 1 -ATPase [12] suggests that two or more sites may be active simultaneously, as schematized in Figure 1(b) . For example, in chloroplast F 1 -ATPase [29] , binding states of an ADP analog to cooperating sites depends on nucleotide concentration. Due to very strong cooperativity, two of the three sites were found simultaneously to be in the tightly bound state. In addition, both the two K m constants fit to the reaction rate [6, 7] Region 3 is in the saturated region ([ATP] > 100 µM), and there is a strong cooperativity between the hydrolysis reactions from different sites. In Region 1, a Boyer scheme simulation (the crossed line, with a full set of rate constants from Panke et al. [21] ) is sufficient if we take the binding rate of ATP as determined by experiment [6, 7] .
However, from the pre-saturated Region 2 to the saturated Region 3, a complex cooperativity of ATP hydrolysis is apparent.
To perform the simulation, we applied the hypothesis that the number of multiple catalysis sites is unknown except that their pathway of hydrolysis reactions is known as Eq. (1). These catalytic sites are also assumed to have the same rate of association and dissociation of nucleotides of ATP, ADP.Pi or ADP. When three ATPs are hydrolyzed simultaneously in the same pathway at three catalysis sites, the solid line in Figure 2 gives a much better fit to the experimental data (in Region 3). This indicates that strong cooperativity of ATP hydrolysis is the case for the Strong cooperativity of ATP hydrolysis in F 1 -ATPase will require 'tri-site' catalysis, such as depicted by a possible scheme in Figure 1(b) . In a tri-site mechanism, ATP hydrolysis probably plays a dominant role over ATP binding in producing rotary torque, and the bound nucleotide persists on the enzyme through more than one turnover for a subunit rotation step. An additional fifth conformation might have to be considered beyond the conformations in Eq. (1). This would most likely be a loosely-bounded site with enhanced affinity for Pi plus ADP and concomitantly lowered affinity for tightly bound ATP or ADP.Pi. The net result would favor Pi + ADP binding rather than ADP binding (to an empty site). This new scheme might help to explain the half-open ADP-bound structure [12] and the sub-steps of rotation of the F 1 -ATPase motor [7] . Nevertheless, such a mechanism may lead to incompatible chemomechanics with some motor experiments [32] , in which the same 'bi-site' mechanism is believed to prevail throughout the whole [ATP] region [6, 7] . Boyer argued [32] that the third site occupation during high [ATP] hydrolysis can be explained by rebinding or retention of ADP. He emphasized that bi-site activation manifests the characteristics of only one catalytic pathway in F 1 -ATPase [32] . However, even if only one type of catalytic site exists at any one time, it does not exclude the possibility of two or more sites simultaneously carrying out the same reaction pathway. The question is how are the hydrolysis reactions of F 1 -ATPase coupled to changes from uni-site, bi-site or tri-site binding-states? The answer is currently hindered by the absence of direct determination of the binding states and their changes during steady hydrolysis [14] .
It is biochemically straightforward for ATPase, Senior and coworkers [14, 18, 30, 31] found that at lower [ATP] (< 1 µM), when primarily the high affinity site was occupied, the equilibrium reaction is a unisite catalysis. At high [ATP] (>>1 µM), all three catalysis sites are occupied and filled with ATP or ADP and tri-site hydrolysis takes place. The probability of an empty site is rare.
Thus Senior concluded that a 'bi-site' mechanism does not exist [31] .
Our theory permits one to calculate the occupation probability of different binding and all three catalysis sites are in bounded states. This is consistent with the experimental observation [30, 31] , and in this concentration region F 1 -ATPase undertakes tri-site hydrolysis.
Conclusion
For ATP hydrolysis of the The dashed line is the simulated hydrolysis rate according to Boyer's bi-site scheme [23] with k ATP = 2. [21] ). The crossed line is again the bi-site simulation with a determined association rate [7] of ATP, k ATP = 3.0×10 7 M -1 s -1 . The solid line is the simulation for the case of strong cooperativity between three catalysis sites, and the diamonds refer to experimental data [6, 7] . 
